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Sequential tunneling model is used to study electron transport in molecular rectifiers based on 
structures of donor-bridge-acceptor type. The device is made of two metallic electrodes connected by 
a molecule, which contains acceptor and donor subunits, separated by insulating bridge. Both subunits 
are modeled as quantum dots with discrete energy levels, isolated from each other by potential barrier 
and weakly coupled to both electrodes through tunnel junctions. Intervalence donor-acceptor tunneling 
process is treated as a superexchange mechanism or equivalently through the use of Marcus theory. 
Analytic formula for the current is found in the case of the Aviram-Ratner ansatz of rectification and 
current-voltage characteristic is obtained at an arbitrary strength of the potential drop over the 
tunneling region. It is shown that rectification current depends on the position of the acceptor’s 
LUMO and donor’s HOMO levels with respect to the Fermi energy of the electrodes before bias is 
applied, and their shift due to the bias voltage.  
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I.  Introduction 
 
     Rectifiers always have played a key role in the development of molecular electronics 
(moletronics) as a proposal of the simplest components in future electronic circuits [1]. Such 
devices are usually composed of donor-bridge-acceptor structures sandwiched between two 
metallic electrodes. Electrical current is driven under the influence of an external bias. 
Molecular diodes of that type have been synthesized, and rectifying behavior (i.e. strong 
asymmetry in the conductance spectrum) has been measured on molecular layers formed by 
Langmuir-Blodgett (LB) techniques [2-4]. The physical mechanism for the rectification is 
not clear yet, but few different suggestions has been made [1,5,6]. In general, transport 
properties of such structures are affected by: the quantum nature of molecular system, 
electronic properties of the electrodes near the Fermi energy level, and the strength of the 
molecule-to-electrodes coupling.  
     The main purpose of this work is to find an analytic formula for the current due to a 
simple model of rectification. Sequential tunneling model is proposed to describe the 
conduction in devices based on structures of donor-bridge-acceptor type ( AD -- s ) [7]  
located in between two macroscopic electrodes ( 1M  and 2M ). Here D  is good electron-
donor subunit with low ionization potential, A  is good electron-acceptor with high electron 
affinity, and s  denotes insulating saturated covalent bridge. In this model, molecular 
subunits ( D  and A ) are treated as quantum dots (with discrete energy levels), while 
connecting bridges are modeled as potential barriers for moving electrons. The existence of 
tunnel barriers in molecular junctions can be questionable, however such barriers at a 
metal/molecule interfaces have been reported in the literature [8,9]. Furthermore, without 
real spatial extent, the voltage is dropped entirely at that barriers.  
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 The unique features of molecular subsystems (donor and acceptor) are ensured by 
chemical substituent groups bound to a single molecules. Such “intramolecular dopants” can 
push electrons into or take them from that system, due to their electronegativity. Because of 
that tendency all the substituents are classified as electron-releasing ( 2NH- , OH- , 3CH- , 
3OCH- , 32CHCH- ) or withdrawing ( O= , 2NO- , CN- , CHO- , 3CF- ). So even with 
no external applied bias, there is a dopant-induced difference in the relative energetic 
positions of the π -orbitals in the donor and acceptor subunits of the molecular structure. The 
consequence of such energy-level difference is asymmetry in the electrical current flowing 
through the device in two opposite polarities of applied bias (diode-like character of the 
current-voltage dependence).  
 
II.  The Aviram-Ratner ansatz 
 
 Mechanism of rectification in analyzed structures is based on the Aviram-Ratner ansatz 
[1]. The effect of rectification is associated with the fact that the excited zwitterionic state 
-+ -- AD s  is relatively accessible from the ground neutral state AD -- s , while the 
opposite zwitterion +- -- AD s  lies several electronvolts higher in energy and therefore is 
inaccessible (except at dielectric breakdown) [3]. Forward-biased electron transfer in the 
Aviram-Ratner mechanism is schematically presented as a two-step process:  
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where: ET  is elastic tunneling (from the HOMO of the neutral donor molecule onto the 
metal electrode 1M , and simultaneously from the electrode 2M  onto the LUMO of the 
neutral acceptor molecule), while IVT  denotes an intervalence transfer (inelastic through-
bond tunneling). Similarly, scheme for two-step process of electron transfer under the 
reverse bias can be written in the form:  
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where: ET  is elastic tunneling (from the electrode 1M  onto the LUMO of the neutral donor 
molecule, and simultaneously from the HOMO of the neutral acceptor molecule onto the 
metal electrode 2M ). Here we also completely neglect the competing reverse-bias process 
associated with autoionization, followed by charge migration to the metallic electrodes [1].  
 
III.  Current formula 
 
     Here we assume that the electronic states of particular segments of the molecule (donor 
and acceptor parts) are perfectly isolated from each other (no hybridization) due to insulating 
spacer (bridge). Since only HOMO and LUMO levels are the most important in the transport 
description, we focus our attention on the mentioned energy levels only. General formula for 
the current flowing through the device can be written as follows (see the Appendix):  
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In the above double-integration procedure (3): )x(f  is the equilibrium Fermi distribution 
function and )x(z  is the so-called broadening function of molecular energy level, which is 
assumed to be of Lorentzian shape:  
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The strength of the coupling between the molecule and the metallic electrodes (due to the 
thiol linkages) is described by widths parameters SG  and DrG , which are assumed to be 
energy and voltage independent [10-12]. Both electrodes are treated as semi-infinite 
reservoirs of free electrons at thermal equilibrium, which are characterized through the 
electrochemical potentials: 2/eVFDr/S ±= em .  
     Furthermore, the magnitude of the current flowing through the device is proportional to a 
prefactor 0I , which takes into account the transfer rate between acceptor and donor subunits 
(multiplied by an elementary electronic charge e ):  
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Here: b  is a structure-dependent attenuation factor, DAR  is the distance between donor and 
acceptor species (the length of a bridge) and st  is donor-acceptor tunneling time. Such time 
st  is approximately equal to experimentally-determined time involved in bridge vibrations 
and generally can be temperature-dependent. When donor and acceptor subsystems are 
weakly coupled with the help of s -bonded bridge, the electron transfer takes place directly 
from donor to acceptor via tunneling process (also referred to as superexchange mechanism) 
and exhibits exponential decay as a function of distance [13,14].  
     Instead of superexchange theory, it is also possible to describe intervalence donor-
acceptor tunneling process with the help of Marcus theory [15]. In this case of a classical 
description of the transfer rate, the expression for prefactor 0I  is given by [16]:   
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where: Bk  is Boltzmann constant, T  is absolute temperature and 
*GD  is the activation free 
energy associated with donor-acceptor electron transfer reaction. However, both approaches 
indicate that the reduction of the current is caused mainly by some exponential factor.  
 
IV.  An example 
 
     Now we proceed to apply presented formalism to the case of proposed model of 
molecular diode (shown in Fig.1). Let us assume that such device is composed of donor 
2246 )NH(HC  and acceptor 246 )CHO(HC  subunits, separated by insulating -- 32 )CH(  
bridge. Each end of the molecule is attached to the surface of the metallic electrode with the 
help of -- S  terminal atoms in the chemisorption process [17]. In general, the electronic 
structure of molecular systems can be calculated by various techniques, including: empirical, 
semiempirical, ab initio or density functional approaches, which are based on different 
degrees of approximation. The planar geometry for the bare molecule was determined by 
energy optimization using the standard parametrization of the ZINDO/1 package 
implemented in Hyperchem [18]. To obtain energy levels of isolated segments (donor and  
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Fig.1  Model of AD -- s  molecular rectifier:  
schematic representation of the device 
and its energy level diagram.  
 
acceptor), we have performed calculations using Extended Hü ckel Theory (EHT) method 
once the geometry of the molecule is known. This choice is dictated because of the absence 
of adjustable parameters in EHT scheme and for the sake of simplicity (basis set includes all 
of the orbitals of valence electrons, completely neglecting electron-electron interactions). 
Hence, energy levels for both subsystems are (given in eV): 290.11DH -=e , 346.8
D
L -=e , 
647.12AH -=e , 549.10
A
L -=e . Since the voltage is dropped entirely at the tunnel barriers, 
the energies of the molecular states depend on the applied bias through the relations: 
6/eVA -= ee , 6/eVD += ee . For saturated hydrocarbon chains 9.0=b  Å -1 [19-21], the 
length of the bridge -- 32 )CH(  is 5R DA =  Å  and molecular vibration period for that 
bridge is of order of 12s 10~
-t  s [22]. Fermi energy of the electrodes is usually located 
somewhere in between the HOMO-LUMO gap [10,23], and in this work it is arbitrarily 
chosen to be equal to 816.10F -=e  eV. To simulate bad contacts with the electrodes (as a 
typical situation in experiments) we take the parameters responsible for that coupling as: 
02.0DrS == GG  eV.  
 Figure 2 shows the current-voltage (I-V) characteristic for molecular diode proposed in 
this section (depicted in Fig.1) at temperature 290T =  K. Such type of molecular junction 
rectifies current in the forward direction (positively biased) relatively to that the reverse 
direction (negatively biased). Strong asymmetry of the I-V dependence is due to asymmetry 
in the structure of the molecule itself. Substituting all the parameters indicated in the 
previous paragraph, an estimation of the current in the usual units is: 8.1I0 =  nA. In order to 
obtain the same result from Marcus theory we should assume that: 1575.0G* =D  eV. 
Character of the I-V curve and the evaluation of the peak value of the current are similar to 
some experimental results [2-4].  
  
V.  Concluding remarks 
 
     Presented model qualitatively reproduces the rectifier behavior of complex molecular 
devices. The magnitude of the predicted current is comparable with experimental data in the 
conditions that we match all the parameters. So rectification is attributed to asymmetry of a 
molecule with an acceptor-bridge-donor structure ( DA -- s ), where mechanism of diode-
like behavior results from the Aviram-Ratner ansatz. However, this toy model seems to be 
useful as a simple theoretical tool in designing molecular devices of the donor-bridge-
acceptor type, which demonstrate rectifying features. One of a crucial problems stems from 
 5 
-3 - 1.5 0 1.5 3
V @Volt D- 0.5
0.0
0.5
1.0
II 0
  
Fig.2  Rectification curve in the I-V characteristic  
for analyzed model of molecular diode. 
 
the task of finding Fermi energy of the electrodes (while experimental control of this level is 
realizable through the choice of metal, which play the role of the electrode).  
     Moreover, the tunneling of an electron through the acceptor-bridge-donor junction is 
treated as a sequential process, in which the molecular species are successively charged and 
discharged. In fact, after the initial tunneling step an electron can have enough time to 
redistribute charge along the molecule (i.e. to polarize this molecule). Such phenomenon can 
have an influence on the shifts of molecular energy levels, and transfer-induced dipole 
momentum can affect transport characteristics. However, here we do not include this effect 
into our formalism, completely ignoring such phenomena like Coulomb blockade. In the 
frames of this work we also neglected all the effects of electron correlations as well as 
inelastic scattering.  
     It should be also noted that several experiments on symmetric molecules have shown 
rectification [8,9,24,25], while others have found very little or no rectification [26,27]. Such 
effect is justified by asymmetric electrode coupling, which can result in an asymmetric 
potential drop along the length of the molecule. If the potential profile is asymmetric, 
molecular energy level through which an electron is propagated can line up differently in 
positive and negative bias, resulting in rectification [27-30]. Rectifying features of molecular 
systems can also be explained as a consequence of conformational changes due to: thermal 
effects [31], inelastic tunneling [32] or application of electric field [33].  
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Appendix  
 
 Electric current in the forward (source-to-drain) direction can be expressed as a product 
of probabilities of electron source-to-acceptor transfer and hole drain-to-donor transfer, and 
tunneling acceptor-to-donor transfer rate (multiplied by an elementary electronic charge e ):  
 
                                     )DA(k)DDr(P)AS(ePI Thef ®®®= ,                                   (A.1) 
 
where Tk  can be modeled within superexchange or Marcus theory, respectively. Similarly 
electric current in the backward (drain-to-source) direction is given by the analogous product 
relation:  
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The general expression for the current is given finally by the difference between the forward- 
and the backward- flowing currents: bf III -= . The problem we are facing now is 
associated with definitions of all the probabilities of electron (hole) transfer from the 
electrode to the particular species of the molecule (donor and acceptor, respectively). Here 
we assume that such quantities are directly proportional to the probabilities of an electron 
existing in the electrode at the molecular energy levels involved in transport process (as 
modified by the coupling with the electrodes):  
 
                                           ò
+¥
¥-
-=® )(),(fd)AS(P ALSe eezmee ,                                     (A.3) 
                                        [ ]ò
+¥
¥-
--=® )(),(f1d)DDr(P DHDrh eezmee ,                            (A.4) 
                                          ò
+¥
¥-
-=® )(),(fd)DDr(P DLDre eezmee ,                                  (A.5) 
                                         [ ]ò
+¥
¥-
--=® )(),(f1d)AS(P AHSh eezmee .                               (A.6) 
 
In the above relations: e  is the injection energy of the tunneling electron, )x(f  denotes the 
Fermi distribution function and )x(z  is the broadening function (in which all the 
information regarding to the coupling with the electrodes is included).  
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